Kalman analysis of TBT data

Data

Data comes from fodo_error.nb

npzep= dir = "~/expt/booster/lattice/math/";

BPM1

ni127= BPM1ideal = Import[dir <>"bpml_-ideal.dat"];
BPMlerr = Import[dir <>"bpml_err.dat"];

n29= ListPlot[{BPMlideal, BPMlerr}, PlotMarkers -» Automatic, PlotTheme -» "Scientific",
FrameLabel » {Style["x (mm)", 14], Style["x' (mrad)", 141},
PlotLabel -» Style["BPM1 readings for difference e", 16],
PlotLegends » {"e=0", "e=0.1"}, ImageSize -» 500]

BPM1 readings for difference €
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ni1s0= BPM2ideal = Import[dir <>"bpm2_-ideal.dat"];
BPM2err = Import[dir <>"bpm2_err.dat"];
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ns2p= ListPlot[{BPM2ideal, BPM2err}, PlotMarkers -» Automatic, PlotTheme - "Scientific",
FrameLabel » {Style["x (mm)", 14], Style["x' (mrad)", 141},
PlotLabel -» Style["BPM2 readings for difference €", 16],
PlotLegends -» {"e=0", "e=0.1"}, ImageSize » 500]

BPM2 readings for difference €

151 = ]

i - = ]

. . ]

1405 E

./ .

os|- @ \ ]

= i ]

N [ N a—

out[132]= S 00 ., o e=0
~ E. E m 0.1

05 \ 1

: V A

—1405 . [ ] E

Sk = m -y ]

- - — . 1

X (mm)
BPM3

ins3:= BPM3ideal = Import[dir <>"bpm3_tideal.dat"];
BPM3err = Import[dir <>"bpm3_err.dat"];
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nes= ListPlot[{BPM3ideal, BPM3err}, PlotMarkers -» Automatic, PlotTheme - "Scientific",

FrameLabel » {Style["x (mm)", 14], Style["x' (mrad)", 141},
PlotLabel -» Style["BPM3 readings for difference €", 16],
PlotLegends -» {"e=0", "e=0.1"}, ImageSize » 500]

BPM3 readings for difference €
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inse;= BPM4ideal = Import[dir <>"bpm4_tideal.dat"];
BPM4err = Import[dir <>"bpm4_err.dat"];

e =0

m e=0.1
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nss;= ListPlot[{BPM4ideal, BPM4err}, PlotMarkers -» Automatic, PlotTheme - "Scientific",
FrameLabel » {Style["x (mm)", 14], Style["x' (mrad)", 141},
PlotLabel -» Style["BPM4 readings for difference €", 16],
PlotLegends -» {"e=0", "e=0.1"}, ImageSize » 500]

BPM4 readings for difference €
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inz9:= BPM5ideal = Import[dir <>"bpm5_tideal.dat"];
BPM5err = Import[dir <>"bpm5_err.dat"];
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4= ListPlot[{BPM5ideal, BPM5err}, PlotMarkers -» Automatic, PlotTheme - "Scientific",

FrameLabel » {Style["x (mm)", 14], Style["x' (mrad)", 141},
PlotLabel -» Style["BPM5 readings for difference €", 16],
PlotLegends -» {"e=0", "e=0.1"}, ImageSize » 500]

BPMS readings for difference €
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42 BPM6ideal = Import[dir <>"bpm6_ideal.dat"];
BPM6err = Import[dir <>"bpm6_err.dat"];

e =0

m e=0.1
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n144= ListPlot[{BPM6ideal, BPM6err}, PlotMarkers -» Automatic, PlotTheme - "Scientific",
FrameLabel » {Style["x (mm)", 14], Style["x' (mrad)", 141},
PlotLabel -» Style["BPM6 readings for difference €", 16],
PlotLegends -» {"e=0", "e=0.1"}, ImageSize » 500]

BPMG6 readings for difference €
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Add noise to BPM position data

inf145= cBPM = 0.053 (*mmx)
Convert input data to metres and add noise

n[146)= X1lnoise = (u[[l]] + oBPM RandomVariate[NormalDistribution[]] & /@ BPMlerr) 10735 (xmx)

n[147]:= L'istP'Lot[{xan'ise, BPMlerr[All, 1] 1073 }]
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n[148}= X2noise = (u[[l]] + oBPM RandomVariate[NormalDistribution[]] & /e BPMZer‘r) 10735 (*mx)
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- ListPlot[{x2noise, BPM2err[All, 1] 1073 }]

0.005

Out[149]= . . . 1 . . . 1 . . . 1

-0.005 (-

nisoi- x3noise = (#[1] + oBPM RandomVariate[NormalDistribution[]] & /@ BPM3err) 10733 (xmx)

nisi- ListPlot[{x3noise, BPM3err[All, 1] 1073 }]
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nis2- x4noise = (#[1] + oBPM RandomVariate[NormalDistribution[]] & /@ BPM4err) 10733 (xmx)

niss- ListPlot[{x4noise, BPM4err[All, 1] 107 }]
0.005 - e . o N )
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nis4- x5noise = (#[1] + oBPM RandomVariate[NormalDistribution[]] & /@ BPM5err) 10733 (xmx)
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In[155]:= L'istPlot[{XSnO'ise, BPM5err[All, 1] 1073 }]
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niise)- X6noise = (#[1] +oBPM RandomVariate[NormalDistribution[]] & /@ BPM6err) 10733 (xmx)

nis7- ListPlot[{x6énoise, BPM6err[All, 1] 1073 }]
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Transport matrices

1 .
niss= MQFLK_, 1_] := ( Cos[Sqrt[K] 1] Sqrt (K] Sin[Sqrt([K] 1] );
-Sqrt[K] Sin[Sqrt[K] 1] Cos[Sqrt[K] 1]
MOD[K , 1] := ( Cosh[Sqrt[K] 1] Sqri[K] Sinh[Sqrt[K] 1] ]
- —_ = H
Sqrt[K] Sinh[Sqrt[K] 1] Cosh[Sqrt[K] 1]
Mdriferl] = (o });
Quad error.
6=1/f
nfet:= MQerr[e_] t= (—16 2),

Add in the error

6= MQFerr[K_, 1_, ©_] := MQF[K, 1].MQerr[e];
MQDerr[K_, 1_, ©_] := MQD[K, 1].MQerr[6O]};
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Lattice

Let the number of FODO elements be three, i.e. | have
FODO|FODO| FODO
#1|#2 | #3
On each quad, | will also have a quad error matrix whose value the Kalman filter will try to find

nies- Melement = {
{MQFerr, k, 1q/2, e1}, {Mdrift, 1ld}, {MQDerr, k, 1q/2, 62},
{mQDerr, k, 1q/2, €2}, {Mdrift, 1d}, {MQFerr, k, 1q/2, 63},
{MQFerr, k, 1q/2, €3}, {Mdrift, 1d}, {MQDerr, k, 1q/2, 64},

{mQpDerr, k, 1q/2, e4}, {Mdrift, 1d}, {MQFerr, k, 1q/2, 65},

{MQFerr, k, 1q/2, 65}, {Mdrift, 1d}, {MQDerr, k, 1q/2, 66},
{mQDerr, k, 1q/2, 66}, {Mdrift, 1d}, {MQFerr, k, 1q/2, 61}

}

ouries- { {MQFerr, 0.54102, 0.25, 61}, {Mdrift, 2.5}, {MQDerr, 0.54102, 0.25, 62},
{MQDerr, 0.54102, 0.25, 62}, {Mdrift, 2.5}, {MQFerr, 0.54102, 0.25, 03},
{MQFerr, 0.54102, 0.25, 63}, {Mdrift, 2.5}, {MQDerr, 0.54102, 0.25, 04},
{MQDerr, 0.54102, 0.25, 64}, {Mdrift, 2.5}, {MQFerr, 0.54102, 0.25, 65},
{MQFerr, 0.54102, 0.25, 65}, {Mdrift, 2.5}, {MQDerr, 0.54102, 0.25, 66},
{MQDerr, 0.54102, 0.25, 06}, {Mdrift, 2.5}, {MQFerr, 0.54102, 0.25, 01}}

A matrices

From BPM1 to BPM2

nies- FF1to2 = MQDerr[k, 1q /2, e2].Mdrift[ld].MQFerr[k, 1q/2, 61];

niesi- F1to2 = FF1to2. ( Xl) /7 Simplify;
X2
nfe7;= F11 = F1to2[[1, 1]
F21 = F1to2[2, 1T;
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inrte9:= AAL =

D[F11, x1] D[F11, x2] D[F11, e1] D[F11, 62]
D[F21, x1] D[F21, x2] D[F21, e1] D[F21, 62]
0 0 1 0

[o ol oNoNo)
© 000

[o oo NoNo)
[oNoNo NN

// Simplify;

From BPM2 to BPM3

D[F11, 63]
D[F21, 63]
0

[cNcNoN o]

D[F11, 64]
D[F21, 64]
[

QOO0

ni7o- FF2to3 = MQFerr [k, 1q /2, 3] .Mdrift[ld].MQDerr [k, 1q/2, 62];

w71~ F2to3 = FF2to3. ( i;) /7 Simplify;

nf72;= F11 = F2to3[1, 1]
F21 = F2to3[2, 1];
in174:= AA2 =
D[F11, x1] D[F11, x2] D[F11, el] D[F1l1, 62] D[F1l1, 3]
D[F21, x1] D[F21, x2] D[F21, e1] D[F21, 62] D[F21, 63]
c] (¢] 1 c] (¢]
¢] (¢] 0] 1 (¢]
0] ¢] 0] 0 1
0] 0] 0] 0] 0]
c] (¢] 0] 0] (¢]
¢] (¢] 0] ¢] (¢]

// Simplify;

From BPM3 to BPM4

D[F11, 64]
D[F21, 64]
0

[oNcN ool

ni7s- FF3to4 = MQDerr[k, 1q /2, e4] .Mdrift[ld].MQFerr[k, 1q/2, 63];

w76~ F3tod = FF3to4. ( g) /7 Simplify;

D[F1l, 65] D[F1
D[F21, 65] D[F2
0

OO0

D[F11, 5] D[F1
D[F21, 5] D[F2
0

(ol o NoNo]
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n771= F11 = F3to4[1, 1]
F21 = F3to4[2, 1];
inf179):= AA3 =
D[F11, x1] D[F11, x2] D[F11, 1] D[F1l1, e2] D[F11, 3] D[Fl1l1, 64] D[F11, ©5] D[F1
D[F21, x1] D[F21, x2] D[F21, e1] D[F21, 62] D[F21, 3] D[F21, 64] D[F21, ©5] D[F2
¢] (¢] 1 ¢] (¢] [¢] c]
¢] 0] 1 (¢] c]
0] 0] 0] 0 1 0] 0]
0] 0] 0] 0] 0] 1 0]
(0] (] 0] c] (¢] [¢] 1
¢] (¢] 0] ¢] (¢] [¢] ¢]

// Simplify;

From BPM4 to BPM5
nieop- FF4to5 = MQFerr[k, 1q/2, 65] .Mdrift[ld].MQDerr [k, 1q/2, 64];

nie1l= F4to5 = FF4to5. ( i;) // Simplify;

nis2i= F11 = F4to5[1, 1]
F21 = F4to5[2, 1];
inr1s4:= AA4 =
D[F11, x1] D[F11, x2] D[F11, 1] D[F1l1, 62] D[F11l, 3] D[Fl1l1, 64] D[F11l, 65] D[F1
D[F21, x1] D[F21, x2] D[F21, 1] D[F21, 62] D[F21, 63] D[F21, 64] D[F21, 65] D[F2
0 (0] 1 0 (0] 0 0
0 0 1 0 0
0 (0] 0] ¢] 1 [¢] c]
0 0 0 0 (¢] 1 0
0 (0] 0 0 (0] (¢] 1
0 (0] 0 0 (0] 0 0

// Simplify;

From BPM5 to BPM6

nies- FF5t06 = MQDerr [k, 1q /2, 6] .Mdrift[ld].MQFerr[k, 1q/2, 65];
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w1565~ F5t06 = FF5t06. ( g) /7 Simplify;

In[187]:=

In[189]:=

In[190]:=

In[191]:=

In[192]:=

In[194]:=

F11 = F5to6[1, 1];
F21 = F5to6[2, 1];
AA5 =
D[F11, x1] D[F11, x2]
D[F21, x1] D[F21, x2]
0
0
0
0
0
0

// Simplify;

From BPM6 to BPM1

(0]

[clNcNcNoNo]

D[F11, e1] D[F11l, e2] D[F11, 3]
D[F21, 1] D[F21, 2] D[F21, 3]

1

[o oo NoNo]

0

ool o oM

(0]

[cNcNcN o]

D[F11, 64]
D[F21, 64]
0

OO OO

FF6tol = MQFerr[k, 1q/2, e1] .Mdrift[ld].MQDerr [k, 1q/2, 66];

F6tol = FF6tol. ( i;) // Simplify;

F11 = F6tol[1, 1];
F21 = F6tol[2, 1];
AAG =
D[F11, x1] D[F11l, x2]
D[F21, x1] D[F21, x2]
0
0
0
0
0
0

// Simplify;

(0]

[clcNoNoNo]

D[F11, e1] D[F1l, 2] D[F1l, 63]
D[F21, 61] D[F21, 2] D[F21, 63]

1

[cNoNoNoNol

0

[oNoNoNoN

(0]

[clNcNoN o]

D[F11, 64]
D[F21, 64]
(5

[clcN oMo

D[F11, ©5] D[F1
D[F21, 5] D[F2
0

OO0

D[F11, 65] D[F1
D[F21, 65] D[F2
0

(ol S ol oMol
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infosj= AA[K_, x_] ¢= Module[{px1l, px2, pol, pe2, pe3, pe4, pe5, pe6, px, AAn},
AAn = {AAl, AA2, AA3, AA4, AA5, AA6};
{px1, px2, pel, pe2, pe3, pe4, pe5, pe6} = Flatten[x];
Return[AAn[K] /. {x1 > px1l, x2 -» px2,
61 » p6l, 62 » pe2, 63 » po3, 64 » p64, 65 > po5, 66 » pe6}];
15

State and parameter matrix

Assume that the state vector is
x1
X2
o1
62
63
04
65
66

x1: position
x2: X’

XS =

On: the error in the strength of the quad

H, h and FF matrices

Predicted values

noei= h[xpred_] := {xpred[l, 1]}; (*» return the positionx)

no7)= H[xpred_]

Return[(1 0 6 0 0 0 0 0)]; (» project out positionx)

Set up the transport matrices that take the beam from one bpm to the next
nfes= FFtrans = {FFlto2, FF2to3, FF3to4, FF4to5, FF5to6, FF6tol};

o= FF[ k_, xprev_] :=Modu'l.e[{px1, px2, pel, pe2, pe3, pe4, pe5, pe6, px, M},
{px1, px2, pel, pe2, pe3, pe4, pe5, pe6} = Flatten[xprev];
M = FFtrans[k];

pX = M(zg) /. {61 pel, 62 » pe2, 63 - pe3, 64 -» pe4, 65 - pe5, 66 - pe6} ;

Return[{{pxl{l, 11, px[2, 11, pel, pe2, pe3, pé4, pes, peG}}T];

]s
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Kalman filter

Covariance errors

in00= QQx1

5 QQx2 =

ool oNoNoNoN o]

o~ QQe1 50002 = [ T [;0003=|%];0004=|%];0005=|2]; qqes -

[oNcNoNoNoN oMol oNoNoNoNoNMoNo N

[olcNoNoN oNoNo]
OO0OOHOOOO
[oclcN N olNoNoNoNol
OHOOOOOO
HOOOOOOO

neozi- jx = (0.011072)%; (xvariance of x and x', guessx)
neos)- 3O = (0.01+1072)%; (xvariance of en, guesss)

mzos- QQ = jx (QQX1.QQx1"+QQx2.QQx2") +
je (QQe1.QQel’ + QQe2.QQe2’ + QQe3.QQe3’ + QQe4.QQe4’ + QQe5.QQe5  + QQe6.QQe6') ;

BPM measurement error

ini2os)= RR = {{ (cBPM 10—3)2}}
Out[205]= { {2 .5 x 10’9} }

Nominal values for the elements

Quad strength and length

ineosl= K = 0.541023
1q = 0.5;

Length of drift space

neogl= Ld = 2.53%

Initialization

Noisy measurement data, in sequence:
BPM1, BPM2, BPM3, ..., BPM6

| made it so that
observationsl[n] is the set of BPM data at turn n.
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observations[n][k] is the position of the beam at BPM k at turn n

nizooy= observations = Table[{{x1lnoise[i]}, {x2noise[i]}, {x3noise[il},
{x4noise[ill}, {x5noise[ill}, {x6noise[il}}, {i, Length[xlnoise]}];

n210):= NX Length[QQ];
ny Length[RR];
Nturns = Length[observations];

Nbpms = 63
Identity matrix

nzia= Inx = IdentityMatrix[nx];
Allocate results

ni215= Xpred = Table[ ConstantArray[0, {Nbpms, nx}], Nturns];
(*prediction of state vector for each bpmx)
Ppred = Table[ConstantArray[0, {Nbpms, nx, nx}], Nturns];
(xprediction error covariance matrix for each bpmx)
xest = Table[ConstantArray[0, {Nbpms, nx}], Nturns];
(*»estimation of state vector for each bpmx)
Pest = Table[ConstantArray[0, {Nbpms, nx, nx}], Nturns];
(»estimation error covariance matrix for each bpmx)
KK = Table[ConstantArray[0, {Nbpms, nx, ny}], Nturns];
(*Kalman gain for each bpmx)

starting state vector for BPM1. | only know the position, we everything else is zero

observations[1][1][1]

[N}

In[220]:= xinit

[oNcNcoNcNo]

nie21p= Pinit = IdentityMatrix[Length[xinit]];
Set initial prediction

nez2p= Xpred[1] [1] = xinit;
Ppred[1][1] = Pinit;

xest[1][1] = xinit;
Pest[1][1] = Pinit;
PPest = Pinit;
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lterate

neer= For[n=1, n< Nturns-1, n++,

(*Print["n=", n];*)
For[i=1, i< Nbpms, i++,

(xprepare to wrap around if we are already at the last BPM «x)
If[i != Nbpms,

j=i+l;m=n,

j=1; m=n+1

15

(*prediction from BPM i to BPM 1i+l1l, at turn nx)
xpred[m] [J] = FF[i, xest[nI[il];
Ppred[m] [j] = AA[i, xest[n][i]].PPest.AA[i, xest[n] |]:‘i]]]T+QQ;

(*estimatex)

yobs = observations[m][jI;

ypred = h[xpred[m] [j1];

Hpred = H[xpred[m] [j1];

KK[m] [j] = Ppred[m] [jI.Hpred .Inverse[ (Hpred.Ppred[m][j].Hpred’) + RR];
xest[m][J1 = xpred[m] [j1 + KKImI [j1 . (yobs - ypred) ;

PPest = Pest[m][j] = (Inx - KKImI[j].Hpred).Ppred[m][jI;

]s

(*xest[[1l,3]=xest[-1][3];=*)

]s
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Plots

Fit to position

Ineesl= g1 =
Grid[Table[{ListPlot[{Table[xest[n][jI[1, 1] 16, {n, Nturns-1}], Flatten[Table|
observations[n][j] 10%, {n, Nturns-1}]|]}, Joined » {True, False},
PlotTheme - "Scientific", FrameLabel - {"Turn #", "x (mm)"},
PlotLabel » "BPM " <>ToString[j], ImageSize » 400],
ListPlot[{Table[xest[n][j +11[1, 1] 1%, {n, Nturns-1}],

Flatten[Table[observations[n][] + 1] 1%, {n, Nturns-1}]]},

Joined » {True, False}, PlotTheme - "Scientific",

FrameLabel -» {"Turn #", "x (mm)"}, PlotLabel -» "BPM " <> ToString[j +1],

PlotLegends » {"Kalman estimate'", "Measured"},

ImageSize » 400]}, {j, 1, Nbpms, 2}]]
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BPM 1
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ini2es)= Export[dir <> "kalmanfitPos.pdf", ggil]
ouzesl= ~/expt/booster/lattice/math/kalmanfitPos.pdf
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Fit to angle

niz20y= BPMerrList = {BPMlerr, BPM2err, BPM3err, BPM4err, BPM5err, BPM6err};

n267)= g2 = Gr'id[Tab'Le[

{ListPlot[{Table[xest[n][jI[2, 1] 16, {n, Nturns-1}], BPMerrList[j][ALL, 2] },
Joined » {True, False}, PlotTheme - "Scientific",
FrameLabel » {"Turn #", "x' (mrad)"}, PlotLabel -» "BPM " <> ToString[j],
ImageSize » 400], ListPlot[{Table[xest[n][j +11[2, 1] 16>, {n, Nturns-1}],

BPMerrList[j + 11[All, 2] }, Joined » {True, False}, PlotTheme - "Scientific",

FrameLabel -» {"Turn #", "x' (mrad)"}, PlotLabel » "BPM " <> ToString[j +1],
PlotLegends » {"Kalman estimate", "Measured"},
ImageSize » 400]}, {j, 1, Nbpms, 2}]]
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BPM 1
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niesg= Export[dir <> "kalmanfitAngle.pdf", gg2]
ouzes)= ~/expt/booster/lattice/math/kalmanfitAngle.pdf
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61 (Q1 should have no error)

nes2= gl = L'istP'I.ot[F'I.atten[Tab'l.e[Around[xest[[n]] [jOI3, 11, Sqrt[Ppred[n][jII3, 3111,
{n, Nturns-1}, {j, 1, 6}]1], Joined - True, PlotRange » All,
GridLines -» Automatic, IntervalMarkers - "Bands'", PlotTheme -» "Scientific",
FrameLabel » {Style["Sample #", 14], Style["el (m*)", 14]},
PlotLabel -» Style["Ql strength error", 16], ImageSize - 500]

Q1 strength error
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0.0005 - -

out[252]=

01 (m™")

0.0000 - -1 -

—0.0005 -

Sample &
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62 (Q2 should have no error)

Iness)= g2 = L'istP'I.ot[F'I.atten[Tab'l.e[Around[xest[[n]] [jir4, 11, Sqrt[Ppred[n][jII4, 4111,
{n, Nturns-1}, {j, 1, 6}]1], Joined - True, PlotRange » All,
GridLines -» Automatic, IntervalMarkers - "Bands'", PlotTheme -» "Scientific",
FrameLabel » {Style["Sample #", 14], Style["e2 (m*)", 14]},
PlotLabel -» Style["Q2 strength error", 16], ImageSize - 500]
Q2 strength error
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63 (Q3 should have no error)

Iness)= g3 = L'istP'I.ot[F'I.atten[Tab'l.e[Around[xest[[n]] [joI5, 11, Sqrt[Ppred[n][jII5, 5111,
{n, Nturns-1}, {j, 1, 6}]1], Joined - True, PlotRange » All,
GridLines -» Automatic, IntervalMarkers - "Bands'", PlotTheme -» "Scientific",
FrameLabel » {Style["Sample #", 14], Style["e3 (m*)", 14]},
PlotLabel -» Style["Q3 strength error", 16], ImageSize - 500]

Q3 strength error
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Out[255}= 0.0010

63 (m™")

0.0005

0.0000

=
|

ok
S
=3
5]
j=3
(=]

300 400 500 600

Sample H



24 | kalman_tbt.nb

64 (Q4 strength error)

In260)= g4 = L'istP'I.ot[F'I.atten[Tab'l.e[Around[xest[[n]] [jOI6, 11, Sqrt[Ppred[n][jII6, 6111,
{n, Nturns-1}, {j, 1, 6}]1], Joined - True, PlotRange » All,
GridLines -» Automatic, IntervalMarkers - "Bands'", PlotTheme -» "Scientific",
FrameLabel » {Style["Sample #", 14], Style["e4 (m*)", 14]},
PlotLabel » Style["Q4 strength error", 16], Background » LightYellow, (xProlog-
{LightYellow,Rectangle[Scaled[{0,0}],Scaled[{1,1}]]},*)ImageSize » 500]

Q4 strength error
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65 (Q5 strength error)

Ine62)= g5 = L'istP'I.ot[F'I.atten[Tab'l.e[Around[xest[[n]] [jO07, 11, Sqrt[Ppred[n]IjI0I7, 7111,
{n, Nturns-1}, {j, 1, 6}]1], Joined - True, PlotRange » All,
GridLines -» Automatic, IntervalMarkers - "Bands'", PlotTheme -» "Scientific",
FrameLabel » {Style["Sample #", 14], Style["e5 (m*)", 14]},
PlotLabel -» Style["Q5 strength error", 16], ImageSize - 500]
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66 (Q6 strength error)

nees= g6 = ListPlot [F'I.atten [Table[Around[xest[n][j1I8, 11, Sqrt[PpredIn]IjII8, 8111,

{n, Nturns-1}, {j, 1, 6}]], Joined -» True, PlotRange -» All,

GridLines -» Automatic, IntervalMarkers - "Bands'", PlotTheme -» "Scientific",

FrameLabel » {Style["Sample #", 14], Style["e6 (m*)", 14]},
PlotLabel -» Style["Q6 strength error", 16], ImageSize - 500]

Q6 strength error

C W T T T T =TT w"\ T T T
0000 - w i
0001 - i
A ?
. |
ouzes- 00021 L i
© L i
0003 |- i
o] | J f :
o 00 200 300 200 500 500
Sample #
nerop- gg3 = Grid[{{gl, g2}, {g3, g4}, {85, g6}}]
QI strength error
0.0010: il
- 0.0005: il
| ]
S I ]
0.0000 |- -‘ i
—0‘0005: 1
I 5
0 100 200 300 400 500 600

Sample H
Q3 strength error

"1

62 (m™hH

{

0.005

0.004

0.003

0.002

0.001

0.000

o
=)
3



kalman_tbt.nb | 27
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ni271= Export[dir <> "paramFit.pdf", gg3]
oue71)= ~/expt/booster/lattice/math/paramFit.pdf

Focal length

Element 6 in xest[] is 64. Note, because | have two fake lens with focal length -6 separated by lq, | have
to use the 1/f=1/u + 1/v formula to calculate the “actual” focal length error. The formula is:

) FF (FF-LD
SOIVe[:—f: ﬁ"’%a V]:{{V%ﬁ}}

The v that is found is the focal length of the system w.r.t. the 2nd downstream lens. So to bring it back
to the middle of the quad, | have to add lg/2 to this value, i.e.
f=v+lqg/2
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ineg4= Ov4 = xest[[Nturns - 1J[6][6, 1]
ouesal= —0.0140796
-1
xest[Nturns - 1J[6][6, 11
oute79l= 71.0249

ine7ei= fvé4 =

n277= ov4 = Sqrt[Ppred[n][jII6, 61]
oute771= 0.000465789

ff (ff-LD)
© 2ff-LD
out294]= 35.6998

+1q/2/. {ff> fv4, LD> 1q/2}

In[94]:= A

-1/6(-1/6-1LD)
2(-1/8) -LD
NG (2+2LD@+L0292)

inees)= dF = s 6] A6 // Simplify

Out[285]=
62 (2+LDe)?

inees)= dF /. {6—) ev4, LD » 'Lq/2, AB - ov4}

outiessl= 1.17485

neaa- kq = 0.54102;
1qg = 0.5;
1
ness = flen = —— // N
kq 1q

out236)= 3.69672

ine37= kq 0.1
out237= 0.054102

In[238]:= 1/ (kq 1q 0.1)
out23sl= 36.9672

B function

I am going to use BPM6 and last turn to set 81 to 66. But first | need the Twiss matrices

Twiss matrices
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B C? 28C  S§* ) (B
a| =|-CC" SC'+S8'C =SS |*l «a
7/ ! CIZ _ZSICI S12 7/ )

In[239]:= ( Caf Sqf ) = MQFerr[K, 1, 6]

Cpqf Spqf
osin[VK 1] sin[VK 1
Out[239)= {{Cos[\/? 1] - [ ] s [ } }s {—QCOS[WI] —\/?S'in[\/?w, Cos[x/?l]}}
VK VK

ni240= TQFerr[KK_, 11_, 66_] :=

Cqf? -25sqf cqf Sqf?

-Cqf Cpqf Sqf Cpqf + Spqf Cqf -Sqf Spqf | /- {K-> KK, 1> 11, 6> 66}
Cpqf? -2 Spqf Cpqf Spqf?

_ Cqd Sqd \ _
In[241]:= (Cpqd spad ) = MQDerr[K, 1, o]
6Sinh[VK 1] Sinh[VK 1]

\/? ’ \/? },
{-eCosh[VK 1] ++/K Sinh[+/K 1], Cosh[VK 1]}}

out[241]= {{Cosh[\/? 'L} -

ni242;= TQDerr [KK_, 11_, 66_] :=

Cqd? -2 Sqd Cqd Sqd?
-Cqd Cpqd Sqd Cpqd + Spqd Cqd -Sqd Spqd | /. {K> KK, 1> 11, 6 - 66}
Cpqd? -2 Spqd Cpqd Spqd?

ClL Sl _ .
In[243]:= (Cpl Spl) =Mdrift[1l]

ouazl= {{1, 1}, {0, 1}}
cl? -2S1cCl s12

naqp= Tdrift[11_] 2= [-cl Ccpl SlcCpl + Splcl -s1l sp1] /. 1> 11
Cpl? -2Splcpl Spl?
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Twiss elements

ne24s= Telement = {
{TQFerr, k, 1q/2, e1}, {Tdrift, ld}, {TQDerr, k, 1q/2, 62},
{TQDerr, k, 1q/2, 62}, {Tdrift, 1d}, {TQFerr, k, 1q/2, 63},

{TQFerr, k, 1q/2, €3}, {Tdrift, ld}, {TQDerr, k, lq/2, 64},
{TQDerr, k, 1q/2, e4}, {Tdrift, 1d}, {TQFerr, k, lq/2, 65},

{TQFerr, k, 1q/2, 65}, {Tdrift, 1d}, {TQDerr, k, 1q/2, 66},
{TQDerr, k, 1q/2, 66}, {Tdrift, 1d}, {TQFerr, k, 1q/2, el}

}s

Calculate B’s

In46l:= BX[ S_] &=
Module[{Akl, Ak2, Ak3, Ak4, Ak5, Ak6lattice, ¢, Bs, as, ¥ys, Xxs, d0, d1, Tw, i},
(xget the strengths of the errors from BPM6 at the last turnx)
{akl1, ak2, Ak3, Ak4, Ak5, Ak6} = { xest[Nturns - 1J[61[3, 11,
xest[Nturns - 1] [6] [4, 1], xest[Nturns - 1][6]1[5, 1], xest[Nturns - 1][61[6, 11,
xest[Nturns - 1J[6][7, 1], xest[Nturns - 1][6108, 11};
(» Make the lattice to find xsx)

lattice = FF6tol.FF5to06.FF4to5.FF3to4.FF2to3.FF1lto2 /.
{61 -» aki, 62 » Ak2, 63 -» Ak3, 64 - Ak4, 65 - Ak5, 66 » Ak6};

(»got the lattice, so solve for the initial Twiss parameters, xsx)
1

¢ =ArcCos[ — Tr[lattice]] ;
2

lattice[l, 2
[1, 2] /)

Bs = N;
Sin[¢]
latti 1, 1] -C
as = Chop| atticell, 11 - Cos (4] ] 77 N;
Sin[¢]
lattice[2, 1
yo o latticer2, 13
Sin[¢]
Bs
XS = as |
¥s

(*Finally, I can do the transportx)
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do = d1 = 03
Tw = IdentityMatrix[3];

For[i=1, is Length[Telement], i++,
(*Is it a quad?=x)
If[(Telement[i, 1] == TQFerr) || (Telement[i, 1] == TQDerr),
dl += Telement[i, 3]; (xget lengthx)
If[do < s < d1,
Return[Telement[i, 1] [Telement[i, 2], s-dO, Telement[i, 4]].Tw.xs /.
{61 -» aki, 62 » Ak2, 63 -» Ak3, 64 - Ak4, 65 > Ak5, 66 » Ak6}];
15
(¥*not in the quad, so transport throughx)
Tw = Telement[i, 1] [Telement[i, 2], Telement[i, 3], Telement[i, 41].Tw /.
{61 -» aki, 62 » ak2, 63 -» Ak3, 64 - Ak4, 65 > Ak5, 66 » Ak6};

B

(*Is it a drift?x)
If[Telement[i, 1] = Tdrift,

dl += Telement[i, 2]; (xget lengthx)

If[do < s < d1,

Return[Telement[i, 1] [s-dO].Tw.xs];

13

(¥*not in the drift space, so transport throughx)
Tw = Telement[i, 1] [Telement[i, 2]].Tw;

15

do = d1;
]; (xforx)

B

na7= Plot[BX[S1[1, 11 , {s, 0, 3% (lq/2+1d+1q+1d+1q/2)}, PlotTheme » "Scientific",
GridLines -» Automatic, FrameLabel -» {Style["s (m)", 14], Style["B (m)", 14]},
PlotLabel » Style["Bx function found by Kalman filter", 16], ImageS'ize—>500]
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out[247]=

PBx function found by Kalman filter

o
w

10 15

s (m)

Get the Bfunction that generated the error. The data came from fodo_error.nb

nz4s;= LBactual = ReadList[dir <> "betax_err.dat", {Number, Number}];

- gg4 = ListPlot[{Table[{s, Ax[sI[1, 11}, {s, 0, 3% (lq/2+1d+1q+1ld+1q/2), 0.1}],

out[287]=

B (m)

LBactual[ ;5 ;35 2]}, Joined » {False, True},

PlotRange » {4, 14}, PlotTheme - "Scientific", GridLines -» Automatic,
FrameLabel » {Style["s (m)", 14], Style["B (m)", 14]},

PlotLabel » Style["Comparison between Kalman result and actual Bx", 16],
PlotLegends » { "Kalman estimate", "Actual Bx"}, ImageSize » 500]

Comparison between Kalman result and actual Sx
14 T T T T T T T T T T T T T

e Kalman estimate

r 1 —— Actual 8x

ol
w
(=

15

s (m)
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ness;= Export[dir <> "beta.pdf", gg4]
ouessl- ~/expt/booster/lattice/math/beta.pdf

x[LBactualfi, 1 1, 1] - LBactualfi, 2
sl EE5 = L'istPlot[Table[{L/Sactual[['i, 1y, AxILB 01, 11111, 11 i 0, 21
LBactualfi, 2]
{i, Length[LBactua'L]}] , PlotTheme » "Scientific", GridLines -» Automatiic,
FrameLabel » {Style["s (m)", 14], Style["aAB/B (%)", 14]}, PlotLabel »

Style["Relative B error between actual B and B found by Kalman filter", 16],
ImageSize » 500

100 },

Relative g error between actual 8 and 8 found by Kalman filter
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neooy= Export[dir <> "betaErr.pdf", gg5]
oueenl= ~/expt/booster/lattice/math/betaErr.pdf



